Kilgas MA, Elmer SJ. Back to the future! Revisiting the physiological cost of negative work as a team-based activity for exercise physiology students. Adv Physiol Educ 41: 120 -129, 2017; doi: 10.1152/advan.00158.2016.-We implemented a team-based activity in our exercise physiology teaching laboratory that was inspired from Abbott et al.'s classic 1952 Journal of Physiology paper titled "The physiological cost of negative work." Abbott et al. connected two bicycles via one chain. One person cycled forward (muscle shortening contractions, positive work) while the other resisted the reverse moving pedals (muscle lengthening contractions, negative work), and the cost of work was compared. This study was the first to link human whole body energetics with isolated muscle force-velocity characteristics. The laboratory activity for our students (n ϭ 35) was designed to reenact Abbott et al.'s experiment, integrate previously learned techniques, and illustrate differences in physiological responses to muscle shortening and lengthening contractions. Students (11-12 students/laboratory section) were split into two teams (positive work vs. negative work). One student from each team volunteered to cycle against the other for~10 min. The remaining students in each team were tasked with measuring: 1) O 2 consumption, 2) heart rate, 3) blood lactate, and 4) perceived exertion. Students discovered that O 2 consumption during negative work was about one-half that of positive work and all other physiological parameters were also substantially lower. Muscle lengthening contractions were discussed and applied to rehabilitation and sport training. The majority of students (Ͼ90%) agreed or strongly agreed that they stayed engaged during the activity and it improved their understanding of exercise physiology. All students recommended the activity be performed again. This activity was engaging, emphasized teamwork, yielded clear results, was well received, and preserved the history of classic physiological experiments. muscle contraction; oxygen consumption; metabolism; eccentric exercise; active learning THE OBJECTIVE of this educational activity is to design and implement a team-based experiment for exercise physiology students that will shed light on the physiological responses, mechanisms, applications, and history of muscle lengthening contractions. Together, students work in teams to reenact Abbott et al. 's 1952 experiment (2), compile and analyze their data, and discuss their findings. By visiting the past, students will be inspired to go "back to the future" and connect their findings to present-day applications in rehabilitation and sport training arenas.
THE OBJECTIVE of this educational activity is to design and implement a team-based experiment for exercise physiology students that will shed light on the physiological responses, mechanisms, applications, and history of muscle lengthening contractions. Together, students work in teams to reenact Abbott et al.'s 1952 experiment (2) , compile and analyze their data, and discuss their findings. By visiting the past, students will be inspired to go "back to the future" and connect their findings to present-day applications in rehabilitation and sport training arenas.
Background
History. For more than a century, scientists (14, 25) have been intrigued by the observation that force produced during muscle lengthening contractions can be greater than that produced during muscle shortening contractions. In addition to this increased capacity for force production, the energy cost of muscle lengthening contractions is substantially lower compared with muscle shortening contractions (1, 13) . The functional significance of these findings originally derived from isolated animal muscle preparations was not truly appreciated until 1952, when Abbott et al. (2) highlighted them during human exercise. Specifically, these authors connected two bicycles back to back via a single chain (Fig. 1) . One cyclist pedaled forward as the other cyclist resisted the motion of the reverse moving pedals while O 2 consumption (V O 2 ) was measured. During the forward pedaling condition, leg muscles produce force while shortening (i.e., positive work). Conversely, during the backward condition, leg muscles produce force while lengthening (i.e., negative work). The main finding was that the V O 2 during negative work was only 1/2 to 1/5th that of positive work. The story is even more interesting as the authors piloted the experiment themselves. Most notably, the smaller Brenda Bigland was able to use considerably less effort to resist and tire out the forward pedaling efforts of the larger Murdoch Ritchie. This groundbreaking study offered a new viewpoint on muscle energetics specifically during human whole body exercise, and the story of the two-bicycle singlechain "push-me, pull-you" setup has been passed on in the literature (4, 11, 24, 27, 36, 37) . Our laboratory activity not only educates students about muscle lengthening contractions, which are covered albeit briefly in exercise physiology textbooks, but also preserves the history of this original experiment.
Mechanisms and applications. "Physiologists often function as engineers in reverse in that the machines have already been built and the challenge is to decipher the primary design specifications, constraints, and material properties responsible for the machine's performance." This reverse engineering perspective in Rome and Lindstedt's chapter on the muscular system in the Handbook of Physiology (43) is fitting for this activity as students at our Technological University first observe that V O 2 of the backward resisting cyclist is substantially lower compared with that of the forward cyclist and then have to break things down to figure out why. Some authors (16, 39) have suggested that the lower energy cost characteristics of muscle lengthening contractions might occur because the actin-myosin bonds are disrupted mechanically rather than undergo an ATP-dependent detachment. Recently, muscle physiologists (22, 41) have proposed that the protein titin plays a critical role in enhancing force production as well. Even though many questions regarding the mechanisms responsible for muscle lengthen contractions remain unanswered (23) , what is clear is that they have been successfully implemented to build muscle and enhance function without injuring muscle. Numerous investigators have demonstrated that exercise training involving muscle lengthening contractions with the lower and upper body (i.e., negative work or eccentric exercise) can be more effective than traditional exercise for improving muscle conditioning (size, strength, and power) and functional capacity in populations ranging from active individuals to individuals with advanced age and chronic diseases to competitive athletes (for reviews, see Refs. 24, 27, and 45). The novelty of negative work training in that only low to moderate levels of perceived exertion are required to generate high forces that can induce positive changes in muscular function. Given that negative work has emerged as a cutting-edge rehabilitation and sport training modality and that many of our students intend to seek professional careers in these areas (e.g., cardiac rehabilitation, physical therapy, medicine, strength, and conditioning), we emphasize the applications of muscle lengthening contractions with clinical and athletic populations.
Exercise physiology laboratory challenges. It is important to note that when delivering exercise physiology teaching laboratories, time restrictions and limited laboratory equipment (26) can make it difficult for all students to be fully engaged. For example, during a maximal V O 2 (V O 2max ) test, which involves an expensive metabolic cart and cycle ergometer or treadmill, the majority of students often stand around a computer display and watch while only a handful of students actively participate with the data collection and exercise protocol. Thus, most students do not get experience with operating equipment and recording data and consequently demonstrate poor mastery of laboratory technical skills. In the Department of Kinesiology and Integrative Physiology at Michigan Technological University, we have circumvented some of these challenges by using a blended-learning approach [i.e., offloading content to self-paced video demonstrations to allow more time for laboratory activities (9)], allowing 2 wk for each laboratory topic, and strategically keeping our laboratory sections relatively small (e.g.,~8 -16 students). Based on our experiences, the laboratory activity outlined below fits very well as an end-of-semester class project because it requires integration of technical skills presented in several previous laboratories, teamwork, and engagement by the entire class.
Learning Objectives
Content knowledge. After completing this activity, students will be able to:
1. 
Activity Level
We have implemented this activity with undergraduate students enrolled in an exercise physiology laboratory course that is taken concurrently with the exercise physiology lecture. These exercise physiology courses are required for exercise science majors and also routinely attract nonmajor students from biological sciences and biomedical engineering. Before taking these courses, students had completed courses in human anatomy and physiology. At the completion of the exercise physiology laboratory course, students are expected to be able to 1) operate laboratory equipment and administer a variety of exercise testing protocols; 2) evaluate physiological responses to acute exercise; 3) use Microsoft Excel to perform basic data entry, graphing, and statistical analyses; and 4) interpret and apply findings to real-world scenarios related to rehabilitation, exercise prescription, and sport training. In addition to using this activity with undergraduate students, we have imple- mented this in a similar manner with graduate students who are enrolled in kinesiology and physical therapy programs.
The current activity was presented as a cumulative end-ofsemester class experiment. Specifically, it was designed to challenge students to integrate previously learned concepts and techniques and foster collaboration and teamwork. Thus, this activity is best suited for groups of students who have previous experience operating laboratory equipment, administering exercise testing protocols, and evaluating physiological responses to exercise.
Prerequisite and Student Knowledge or Skills
Before doing this activity, students should have a basic understanding of the following exercise physiology topics that are most often covered in lecture courses:
1. Skeletal muscle structure and function 2. Bioenergetics 3. Exercise metabolism 4. Work, power, and energy 5. Adaptations to acute and chronic exercise Before conducting this activity, students should be able to know how to perform the following laboratory techniques:
1. Use open-circuit spirometry to measure V O 2 and calculate energy cost 2. Collect blood lactate from a finger during exercise 3. Monitor subjective responses to exercise using ratings of perceived exertion Note that during the semester, students had completed a series of laboratories that introduced each of the techniques outlined above and had time to become proficient with the techniques.
Time Required
We recommend that this activity be conducted over two consecutive laboratory sessions separated by 1 wk (Fig. 2) . The time needed for each laboratory session is~2 h, which falls within the typical range for most exercise physiology laboratories (e.g., 90 min to 3 h). The activity can also be simplified for a single session, which is described in more detail below in Wider Applications.
METHODS

Overview of the Activity
For each laboratory section, students are split into two teams (positive vs. negative work) and work together to carry out one experiment for the entire class. Withinin each team, students will be assigned to one of the following individual roles: 1) the subject who performs the cycling exercise, 2) the metabolic technician who will operate the metabolic cart, 3) the heart rate technician who will monitor and record heart rate, 4) the blood lactate technician who will measure blood lactate, 5) the perceived exertion specialist who will assess rating of perceived exertion, and 6) the master data recorder (Fig. 3) . The subject from the positive work team will cycle (against the subject from the negative team) while all other students from that team collect physiological responses associated with positive work. Likewise, the subject from the negative work team will cycle (against the subject from the positive work team) while all other students from that team collect physiological responses associated with negative work. Accordingly, the class experiment yields positive and negative work data. These data are then made available to each team so that they can make their own comparisons between positive and negative work. Finally, each team has an opportunity to interpret the results of the class experiment and present their findings.
Equipment and Supplies
The following equipment and supplies are required for the entire class to carry out the laboratory activity (i.e., each positive and negative team will have one of each numbered items below):
1. Two exercise bikes 2. Two separate metabolic measurement systems 3. Two blood lactate analyzers (as wells as lactate strips, lancets, gauze, alcohol swipes, and gloves) 4. Two heart rate monitors 5. Two Borg ratings of perceived exertion scales 6. Two cooling fans The following equipment and supplies are needed for configuring the experimental two-bike one-chain setup:
1. Two bicycle chains 2. A bicycle chain tool
Human and Animal Subjects
The procedures used were reviewed by the Institutional Review Board of Michigan Technological University, and the experiment was considered as an exempt educational activity. Educators who adopt this activity are responsible for obtaining permission for human subjects research from their home institution. For a summary of the "Guiding Principles for Research Involving Animals and Human Beings," we refer the reader to the following link: http://www.the-aps.org/mm/Publications/Ethical-Policies/Animaland-Human-Research
Instructions
Experimental setup. Laboratory cycle ergometers or exercise bikes can be used for this activity after some minor modifications. Thus, instructors, university staff, and/or students who have bicycle maintenance knowledge can likely offer assistance with configuring the experimental setup. Moreover, we have found that a standard Monark (828 E, Monark Exercise, Vansbro, Sweden) cycle ergometer, which is used in most exercise physiology laboratories, can be easily adapted for this activity. STEP 1. Remove the chain from the exercise bike. Many chains have a master link that enables the chain to be disconnected without removing a link. Alternatively, a bicycle chain tool can be used to disconnect the chain and remove it from the exercise bike. Note that the plastic covering protecting the chain may first have to be removed to access the chain. Put the original chain (and master link) in a labeled Ziplock bag and set it aside for reassembling later. Repeat STEP 1 for the second exercise bike. STEP 2. Verify that the crank lengths are the same on both exercise bikes (e.g.,~170 mm). STEP 3. Position the exercise bikes back to back so that they face away from each other. STEP 4. Join the two new bicycle chains together using the chain tool. STEP 5. Align the right crank of each exercise bike in such a way that it is 180°out of phase with the other exercise bike. While the cranks are in this position, connect the exercise bikes using the newly constructed long chain. Use the master link or chain tool to secure the chain together. Excess chain links can be removed if needed. Proper alignment of the cranks is critical to facilitate smooth coordination of movement. STEP 6 . Place a block of wood or wedge in between the two exercise bikes to help to maintain chain tension. This will also prevent the two-bike setup from moving around. STEP 7. Ensure that the bottom bracket, crank bolts, and pedals are tight on both exercise bikes. Due to the backward motion of the one exercise bike, they tend to loosen. Thus, we recommend that these be checked frequently.
Laboratory session 1. The purpose of laboratory session 1 is to introduce the activity, establish student teams, and have students select and practice their individual roles (Fig. 2) . STEP 1. Before class, instruct students to read the Elmer and LaStayo "Classics" Column Journal of Experimental Biology paper (11) , which recognizes the historical significance of Abbott et al.'s original experiment (2) . This will provide some background information on the topic of muscle lengthening contractions. STEP 2. During class, explain the objectives of the activity as well as team-based approach, and split the class into two teams (i.e., the positive work team vs. the negative work team). STEP 3. Arrange students with similar body sizes in pairs (i.e., one student from each team will pair up with one student from the other team) to practice coordinating the exercise task together. In other words, several pairs of students will try the exercise task for a few minutes so that the instructor can determine which student pair best naturally coordinates the exercise task (described below). STEP 4. Instruct the forward cyclist to pedal at a constant pedaling rate of~55-65 rpm. Note that the pedaling rate can be monitored by instrumenting the bike with a basic cyclo computer, having the forward cyclist pedal to the sound of a metronome, or manually counting revolutions periodically. Instruct the backward cyclist to resist the reverse moving pedals. Both cyclists have to communicate and work together to facilitate smooth pedaling. In other words, if the forward cyclist pedals too fast, it will be difficult for the backward cyclist to resist the pedals. Similarly, if the backward cyclist resists too hard, the forward cyclist will have difficulty pedaling forward at the desired pedaling rate. Thus, there is a fine balance for coordinating the system and performing the joint exercise task. Naturally, some student pairs will be able to coordinate and perform the exercise task better than others. Based on these observations, select the pair that exhibits the best coordination to perform the full experiment during the subsequent laboratory session. Note that all other students will be given specific roles for conducting the experiment. Theoretically, if the two-bike system is moving at a constant velocity (i.e., the forward cyclist is pedaling at the desired pedaling rate), the two movements and magnitude of work will be mirror opposites of one another, with the only differences being the exercise mode (forward vs. backward), work induced (positive vs. negative), and muscle contraction type (active shortening vs. active lengthening). STEP 5 . Now that the subject for each team has been identified, instruct teams (positive vs. negative work) to assign remaining team members to individual roles (Fig. 3) . As stated above, within each team, students will be responsible for one of the following individual roles: 1) the subject who cycles (already assigned by the instructor), 2) the metabolic technician who will operate the metabolic measurement system to measure V O 2 , 3) the heart rate technician who will monitor and record heart rate, 4) the blood lactate technician who will measure blood lactate, 5) the perceived exertion specialist who will assess rating of perceived exertion using the Borg 6 -20 scale, and 6) the master data recorder who will compile data (by hand or in Microsoft Excel). In larger laboratory sections, additional roles may be assigned, such as a team captain who is responsible for ensuring that everyone completes their job, or students may double up for roles 2-6 so that all students are actively engaged.
Outside of class. The following steps are completed outside of class in between laboratory sessions 1 and 2 (Fig. 2) . STEP 1. Instruct students to review Abbott et al.'s original study (2) so that they are familiar with the results of this experiment. We acknowledge that this can be a difficult read for undergraduate students due to the content and older scientific writing style. With that in mind, we direct students to focus on the METHODS and Figs. 1, 3 , and 5 in that paper. Finally, based on the assigned readings and discussions in class, teams will establish their research questions and hypotheses to test before the next laboratory session. STEP 2A. Instruct the two subjects to come in at least three times to continue to practice the exercise task. This step is critical to ensure that the subjects are adept at the cycling technique (either forward or backward) and the joint exercise task. During each practice visit, the student pair can practice for~5-8 min. For the first 2-4 min, the backward cyclist should resist the pedals such that the forward cyclist is pedaling at a "somewhat hard" effort (Borg scale value of 13). Again, we recommend that the forward cyclist pedal between~55 and 65 rpm. Subsequently, for the next 3-4 min, the backward cyclist should gradually start to resist harder each minute such that the forward cyclist is pedaling at a "hard" to "very hard" effort (Borg scale value of Ͼ15).
STEP 2B. Instruct the remaining students to come into the laboratory to practice their specific task for their team. For example, the blood lactate technician is advised to come in and practice taking a few exercise blood lactates while subjects are practicing. Similarly, the metabolic technician is advised to come in and practice calibrating the system and recording data. This serves as an important review of the technical skills developed earlier in the semester. It also requires that the students take ownership for their task so that their team is fully prepared.
Laboratory session 2. The following steps are completed during laboratory session 2 (Fig. 2) . Note that the experiment is run entirely by the students as the instructor observes. STEP 1. Students are expected to arrive a few minutes early to begin preparing and calibrating equipment so that the class can start on time. STEP 2. Each team will present their research questions and hypotheses to the class. STEP 3. Subjects will begin the exercise task. For the first 5 min, subjects will perform a "steady-state" exercise trial. Based on the practice sessions, the backward cyclist will know approximately how hard to resist such that the forward cyclist is cycling at a "somewhat hard" effort. For the next 5 min, the backward cyclist will begin to resist harder and harder every minute to simulate a graded exercise test. Consequently, the forward cyclist will work harder and harder until they approach task failure and/or voluntary exhaustion. Table 1 shows a sample data sheet generated by students for recording physiological parameters during the experiment. Briefly, blood lactate is collected before exercise, during the steady-state exercise trial, and within 1 min after the completion of the graded exercise test. V O 2 , ventilation, heart rate, and respiratory exchange ratio data are recorded every 30 s throughout the exercise trial. The rating of perceived exertion is assessed between minutes 4 -5 and 9 -10. STEP 4. After the experiment, subjects will be given time to fully recover while the rest of the class cleans up the laboratory area. STEP 5. Data from each team will be made available to the other team so that both teams can separately analyze the class data and make comparisons between positive and negative work. STEP 6 . Each team will evaluate their data and calculate energy cost using the following Weir equation: energy cost (in kcal/min) ϭ V O 2 (in l/min) ϫ (respiratory exchange ratio ϫ 1.22 ϩ 3.83). Students then convert and report these energy cost values (in W). STEP 7. Each team will chart the class data in graphical format on the white board and then present their findings to the class.
Troubleshooting
The main challenges that we have encountered are 1) ensuring that subjects can successfully coordinate the novel pedaling system and perform the exercise task and 2) that students are prepared and organized for their specific tasks. We have found that the best approach is to include laboratory session 1 as a preliminary introduction to the experiment and ask students to complete the outside of class practice sessions.
Safety Considerations
Students who volunteer as subjects should wear exercise clothing and footwear and be comfortable with exercising at submaximal and maximal intensities. Note that all students responsible for operating laboratory equipment and performing measurements were proficient with their specific tasks as they completed a series of introductory laboratories during the semester and reviewed these procedures again before the team-based activity. We must also emphasize that the backward resisting cycling condition can be potentially injurious in at least two ways. First, resisting the backward moving pedals with a seat position that allows the knee to reach full extension could result in injuries to the knee joint as the pedal could forcefully compress and/or hyperextend the knee. Thus, care should be taken when selecting a seat position to prevent the knee from reaching full extension. Second, because the backward condition elicits eccentric contractions involving the large muscle mass of the legs, it is easy to induce muscle damage and soreness in the lower limb, especially in eccentric-naïve individuals. Moreover, eccentric exercise-induced muscle damage and soreness can be severe, long lasting, and, in severe cases, give rise to rhabdomyolysis. With these eccentric exercise risks in mind, it is imperative that instructors 1) provide clear instructions, 2) require several familiarization trials at low to moderate intensities to help acquire the specific coordination for the backward motion, and 3) limit the duration of the experiment to 5-10 min to minimize the risk of muscle damage and soreness. Indeed, our recommended familiarization protocol is consistent with eccentric exercised-based training studies that used eccentric cycle ergometry to improve muscular function without inducing muscle soreness in patient and athletic populations. Finally, as stated above, we strongly advise that the bottom bracket, crank bolts, and pedals on the exercise bikes be checked frequently to ensure they are tight.
RESULTS
Expected Results
The backward cyclist performing negative work will be able to resist and exhaust the forward pedaling efforts of the cyclist performing positive work. Indeed, during the final minute of exercise, V O 2 values for the forward cyclist often approach previously established maximum values (determined earlier in the semester), indicating that the forward cyclist was exercising very close to V O 2max . Representative results obtained by students are shown in Figs. 4 and 5. Students will discover that V O 2 during negative work will be substantially lower compared with that of positive work. We typically observe values of 1/2 to 1/3rd of positive work, which is consistent with Abbott et al.'s original experiment (2) (Figs. 4 and 5) .
Students will also discover that the negative work condition will elicit lower-end exercise values for several other metabolic, cardiorespiratory, and perceptual responses. For example, end-exercise whole blood lactate levels for negative work are often slightly above resting baseline values (~2 mmol/l), whereas positive work values can increase by up to 10-fold (~10 mmol/l; Fig. 5 ). Furthermore, heart rate and ventilation are considerably lower during negative work compared positive work. It will also be clear that negative work will require less effort compared with positive work. Indeed, the representative data indicate that the student performing negative work was exercising at a "very light" intensity compared with the student performing positive work who was exercising at a "very hard" intensity (Borg scale value of 9 vs. 17; Fig. 5 ). Finally, a strength of this activity is that the experiment yields clear results even if things do not go perfectly. 
Misconceptions
When learning about the structure and function of skeletal muscles, students, by no fault of their own, will often predict that muscle lengthening contractions would simply be the opposite of muscle shortening. That is, the chemical reactions that consume ATP during muscle shortening contractions might be reversed during muscle lengthening contractions. For this activity, students can observe and experience firsthand that muscle lengthening contractions are not the same and exhibit different responses. Importantly, these unique characteristics can have applications in rehabilitation and sport training and are discussed at the end of the activity to highlight real-world applications.
Evaluation of Student Work
We emphasize to students that this laboratory activity is very technically demanding and requires each student to take responsibility for his/her specific role. With adequate preparation and teamwork, the class will be able to successfully reenact Abbott et al.'s original experiment. With this in mind, we do not evaluate individual student work. Rather, we evaluate the success of each team and the entire class. To date, this approach has been well received by students and yielded positive outcomes each semester. Alternatively, instructors could choose to evaluate student work through a traditional laboratory report or assignment.
To further evaluate the effectiveness of the activity, a brief survey was administered to 35 students (24 undergraduate and 11 graduate students) to obtain student perceptions related to the laboratory format, level of engagement, and perceived learning. Questions were quantified using a Likert scale ranging from 1 to 5 (i.e., unable to comment, strongly disagree, disagree, agree, and strongly agree). As shown in Table 2 , the majority of students (Ͼ90%) agreed or strongly agreed that the laboratory activity 1) required them to come prepared for the experiment, 2) integrated materials from previous laboratory activities, 3) kept them engaged, 4) enhanced their learning, and 5) facilitated teamwork. Moreover, all 35 students recommended that the laboratory activity be performed again next year.
Questions and Discussion Points Question 1. Which participant was working harder and were they close to reaching V O 2max ? The metabolic (V O 2 and blood lactate), cardiorespiratory (heart rate and ventilation), and perceptional (rating of perceived exertion) data are all considerably lower during negative work compared with positive work. Therefore, the forward cyclist performing positive work will be working much harder. Furthermore, the general physiological criteria (8, 21) below can be used to verify whether the forward cyclist was exercising close to V O 2max :
1. Plateau in V O 2 (despite the increase in resistance provided by the backward cyclist) 2. Heart rate within 10 beats/min of the age-predicted maximal heart rate 3. Respiratory exchange ratio value of Ͼ1. (2) (Figs. 4  and 5) . Note that the effect of pedaling rate can influence these ratios (as shown in Table 1 of Abbott et al.'s paper), and thus we simply emphasize the large differences between the two conditions. Question 3. What is the energy cost associated with positive and negative work? Using the V O 2 data (average over minutes 4 -5 of exercise) and Weir equation, students will be able to calculate energy cost. Energy cost values for negative work are also~1/2 to 1/3rd of that for positive work. Students will then be able to appreciate the difference between V O 2 (in l/min) and energy cost (in W) and gain experience performing metabolic calculations used for exercise prescription.
Question 4. Why is the energy cost of muscle lengthening contractions lower? Mechanistically, the reduced energy cost might occur because the actin-myosin bonds are disrupted mechanically rather than undergo an ATP-dependent detachment (16, 39) . However, this hypothesis has not been directly tested. Through the assigned papers and discussion period, we also explain to students that the reduced V O 2 during negative work (along with reduced muscle activity findings from the literature) indicate that fewer muscle fibers are recruited and suggest that the recruited muscle fibers consume less O 2 . Thus, muscle lengthening contractions are unique and not simply the opposite of muscle shortening contractions. Additionally, the lower cost of negative work may be further explained by the spring like characteristics of the protein titin and the winding filament hypothesis (41) . While a complete discussion of these mechanisms goes beyond the scope of this laboratory experiment, instructors may want to discuss these in more detail in the lecture course particularly with graduate students. Question 5. Regarding rehabilitation, which clinical populations would be able to benefit from performing negative work training? Negative work (eccentric exercise) training is a well-established and highly effective rehabilitation modality for improving lower-and/or upper-body muscle conditioning and functional capacity in individuals with cardiovascular, respiratory, neuromuscular, and orthopedic disorders (for extensive reviews, see Refs. 27 and 34 and Table 3 ). Briefly, the novelty of negative work training is that it couples high forces (the stimulus for muscle adaption) with very low energy costs; hence, minimal perceived exertion is required (32, 33) . This high-force, low-energy cost combination yields high levels of exercise adherence in even the most deconditioned patient groups (e.g., cancer survivors, frail elderly individuals, or individuals with chronic obstructive pulmonary disease) while building muscle and improving strength. These exercise-induced changes in muscle conditioning are reflected in improved leg power, balance, and mobility (24, 27) . Importantly, while muscle lengthening contractions are often associated with muscle injury, damage, and soreness, none of these are required to stimulate improvements (15) .
Question 5. Regarding sport training, which athletic populations would be able to benefit from performing negative work training? Negative work training offers a useful training adjunct for athletes and coaches. Specifically, it has produced significant improvements in muscle conditioning and functional capacity in healthy recreationally active individuals, competitive basketball players, and junior alpine ski racers (for extensive reviews, see Ref. 45 and Table 3 ).
Question 6. Why was Abbott et al.'s experiment so groundbreaking?
It was the first study to link human whole body energetics with isolated muscle force-velocity characteristics previously measured in isolated animal muscles. It also inspired the fabrication of negative work ergometers and implementation of negative work training in rehabilitation and sport training settings.
Inquiry Applications
This activity is at the "methods" level of inquiry as the instructor designs the experiment. There are also components of "facilitated inquiry" as teams decide how to carry out the proposed experiment by assigning individual student roles, practicing these roles outside of class, and preparing for the activity ahead of time (e.g., equipment setup and calibration as well as creating data sheets). Based on the two required readings (2, 11) , teams also develop their research questions and hypotheses to test before the class activity. To increase the level of inquiry, the instructor could pose the following general question: "Is the energy cost of performing positive and negative work the same?." Students could then use PubMed (https://www.pubmed.com) to find key papers that address this question and design an experiment similar to Abbott et al.'s original experiment (2) .
Wider Applications
We have adapted this activity for educational outreach efforts including use with high school science fairs and department laboratory tours. To simplify the activity, we include only the two bikes and one chain. As described above, younger students are divided into teams, provided time to practice coordinating the exercise task, assigned roles (subject, heart rate recorder, perceived effort, master time keeper, etc.), and carry out the experiment for~5 min. Students manually record heart rate from the carotid pulse and rating of perceived exertion using the Borg scale. Subsequently, they work together to graph their results and draw conclusions. The activity takes~30 -45 min. This activity not only exposes students to the scientific method but also generates enthusiasm and provides a source of physiological entertainment.
The activity also has potential to be implemented in other courses, such as biomechanics, because it includes aspects of muscle energetics and mechanics. For example, incorporation of surface electromyography to record quadriceps muscle activity during the activity would enable students to examine the relationship between motor unit recruitment and energy cost to better understand muscle contraction. Finally, for those instructors who can measure mechanical power directly from the two-bicycle setup (e.g., SRM power meter), the activity could be further strengthened by discussing the link between energy cost and mechanical power and calculating efficiency.
Additional Resources
For additional information on this topic, we direct the reader to the following references: Frail elderly (26) 3 times/wk for 12 wk RPE ϭ 13 (somewhat hard) 1Muscle size, strength, and balance Cancer survivors (27, 28) 3 times/wk for 12 wk RPE ϭ 13 (somewhat hard) 1Muscle size and walking distance Heart disease (38) 3 times/wk for 8 wk 60% of peak V O 2 1Muscle strength and peak V O 2 Chronic obstructive pulmonary disease (40) 3 times/wk for 5 wk 60% of peak V O 2 1Total work output Parkinson's (5) 3 times/wk for 12 wk RPE ϭ 13 (somewhat hard) 1Muscle size and walking distance Total knee replacement (29) 3 times/wk for 12 wk RPE ϭ 13 (somewhat hard) 1Muscle size, strength, and power Anterior cruciate ligament surgery (16-18) 3 times/wk for 12 wk RPE ϭ 13 (somewhat hard) 1Muscle size and strength Healthy (9, 30, 31, 33) 3 times/wk for 6-8 wk 58-66% of peak HR 1Muscle size, strength, power, and leg spring function Basketball players (36) 3 times/wk for 6 wk Not reported 1Jumping height Alpine skier racers (19) 3 times/wk for 6 wk Not reported 1Muscle size and jumping height
• Abbott et al.'s original experiment (2) • Followup experiments (3, 6, 7, 12) • Historical perspectives (4, 11)
• Mechanisms of lengthening contractions (16, 22, 39, 41) • Negative work training with clinical (5, 17-19, 28 -31, 40, 42, 44) and athletic (10, 20, 32, 33, 35, 38) populations • Review articles (24, 27, 34, 45) 
